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Abstract
The sustainability of groundwater resources for agricultural and domestic use is dependent on
both the groundwater recharge rate and groundwater quality. The main purpose of this study was
to improve understanding of the timing, or seasonality, of groundwater recharge through the use
of stable isotopes. Based on 659 groundwater samples collected from aquifers underlying
Natural Resources Districts in Nebraska, the isotopic composition of groundwater (δ 2H, δ 18O)
was compared to that of precipitation by (a) mapping the isotopic composition of groundwater
samples and (b) mapping a seasonality index for groundwater. Results suggest that for the
majority of the state, groundwater recharge has a nongrowing season signature (October – April).
However, the isotopic composition of groundwater suggests that in some intensively irrigated
areas, human intervention in the water cycle has shifted the recharge signature toward the
growing season. In other areas, a different human intervention (diversion of Platte River water
for irrigation) has likely produced an apparent but possibly misleading nongrowing season
recharge signal because the Platte River water differs isotopically from local precipitation. These
results highlight the need for local information even when interpreting isotopic data over larger
regions. Understanding the seasonality of recharge can provide insight into the optimal times to
apply fertilizer, specifically in highly conductive soils with high leaching potential. In areas with
high groundwater nitrate concentrations this information is valuable for protecting the
groundwater from further degradation. While previous studies have framed nongrowing season
recharge within the context of future climate change, this study also illustrates the importance of
understanding how historical human intervention in the water cycle has affected groundwater
recharge seasonality and subsequent implications for groundwater recharge and quality.
Key Words: Groundwater, High Plains Aquifer, Recharge, Stable Isotopes, Isoscapes
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1. Introduction
The quantity and timing of groundwater recharge are both important factors for managing
groundwater systems. However, many recharge estimates are in terms of annual recharge and
lack information on seasonal recharge characteristics and the influence of human activities (e.g.,
irrigation) on recharge seasonality (Assefa & Woodbury, 2013; Fiedler, 2007; Fortune, 2010).
Studies that incorporate future climate projections into their groundwater models (Crosbie et al.,
2013; Meixner et al., 2016) illustrate that precipitation quantities and timing will impact the
groundwater recharge rate, including in the Northern High Plains aquifer in Nebraska
(Lauffenburger, Gurdak, Hobza, Woodward, & Wolf, 2018). Changes in presence and type of
vegetation may also impact groundwater recharge rates (Han, Currell, Cao, & Hall, 2017; Keese,
Scanlon, & Reedy, 2005; Scanlon et al., 2006; Scanlon, Reedy, Stonestrom, Prudic, & Dennehy,
2005). Approaches to agricultural water management will shift over time to adapt to these new
realities, making predictions of climate impacts on groundwater resources more difficult. It is
valuable to understand how past agricultural management practices may have altered recharge
dynamics in order to inform future predictions.
Alteration of groundwater recharge through land cover change may lead to a substantial
increase or decrease in available groundwater resources (Han et al., 2017). In agricultural
systems with distinct growing seasons, recharge from irrigation-related sources may alter the
timing and magnitude of recharge and therefore the volume of groundwater storage. Irrigation
return flows (deep drainage) and canal leakage have led to spatial patterns of groundwater
isotopic composition (Joshi et al., 2018). Groundwater systems may show vertical stratification
of isotopic composition, indicating the extent to which altered recharge sources have displaced or
overlain groundwater that was recharged under natural conditions (Böhlke, O’Connell, &
Prestegaard, 2007; Harvey & Sibray, 2001).
Recharge seasonality not only influences the quantity of groundwater, but also has
implications for groundwater quality (Matiatos & Wassenaar, 2019). It is important to
understand how modern agricultural practices have influenced the timing of groundwater
recharge and the implications for future management of water quantity and quality. There is a
strong linkage between field-scale agricultural water management and leaching of agrochemicals (including nitrate) into groundwater (Exner, Hirsh, & Spalding, 2014). Timing of both
fertilizer and water application is necessary to reduce leaching (Derby, Casey, & Knighton,
2009). However, the rate of development and adoption of best practices, the unpredictability of
natural precipitation, and the complexity and timing of nitrogen cycling (mineralization,
nitrification, denitrification, etc.) each have high uncertainty. Increased understanding of both
natural and altered recharge processes is critical for identifying where and when groundwater
quality is more likely to improve through optimal regulation and best management practices in
agricultural regions.
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Previous studies have used stable isotope signatures to show a seasonal bias in the timing of
groundwater recharge (Jasechko et al., 2014, 2017), and to identify the relative importance of
recharge sources such as high-intensity versus low-intensity precipitation (Jasechko et al., 2015)
at continental or global scales. In this study, we evaluated the seasonality of groundwater
recharge at regional scales, which are highly relevant to local management of groundwater
quantity and quality in highly productive agricultural areas over a major recharge area in the
northern High Plains Aquifer region. Thus, this study focuses on two topics that have received
relatively little attention in previous regional-scale studies of recharge seasonality using stable
isotopes: (1) the influence of agricultural water management (i.e., human intervention in the
water cycle) on the seasonality of groundwater recharge, and (2) implications of natural and
altered recharge seasonality for groundwater quality in agricultural landscapes.

2. Background and Methods
2.1 Site Description
The inner continental location of Nebraska (about 1,500 km from the Gulf of Mexico, Pacific
and Atlantic Oceans; Figure 1) contributes to varying climate, from moist sub-humid climate in
the east to dry, semi-arid climate in the west. Average annual temperatures show a NW-SE
gradient ranging from 6.9ºC to 11.0ºC. Seasonal variation is characterized by hot summers, with
July mean daily temperatures of 23.6ºC and cold winters, with mean temperatures of -5.5ºC in
January (Owenby & Ezell, 1992, Frankson et al., 2017). Thirty-year normal precipitation (19812010) varies from 330 mm/year in the western border with Wyoming and to almost 900 mm/year
in the southeastern border along the Missouri River (PRISM, 2019; Figure 1). Most of the
precipitation falls during the spring and summer months (Figure 2), with 71% falling during the
growing season of May 1 to September 30, but seasonal and annual precipitation is widely
variable (Young et al., 2019, Frankson et al., 2017). Precipitation in the year of 2011, when the
isotope samples were collected, was on-average higher across most of the western part of
Nebraska compared to the 30 year normal (1970-2000 normal; Young et al. 2019), with drier
conditions in the east.
Evapotranspiration (ET) tends to follow the same pattern as precipitation, with greater
potential ET during the growing season based on statewide estimates for an alfalfa reference
crop. Other agronomic crops may have similar seasonal patterns because actual ET is usually
calculated using a linear crop coefficient (correction factor) multiplied by reference ET for
alfalfa or grass (Irmak, Howell, Allen, Payero, & Martin, 2005). Land surface elevations also
contribute to differences in climate, gradually transitioning from 1,655 m above sea level in the
west to 256 m above sea level in the east.
Harvey (2001) and Harvey and Welker (2000) measured δ 18O and δ 2H in precipitation at
two locations, Mead and North Platte, Nebraska (Figure 1). For the two stations, temperature
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measured during the same period (1989-1994) was quite similar to the 30-year normal values.
Harvey (2001) and Harvey and Welker (2000) assumed that the isotopic composition for the
period should be representative of normal precipitation with respect to temperature effects. The
Mead station δ18O ranged from -23.6 to -0.7‰ and δ2H ranged from -172.0 to -0‰. The North
Platte station δ18O ranged from -30.5 to +1.7‰ and δ2H ranged from -228.0 to +11.0‰. The
isotopic composition of precipitation is more depleted during the nongrowing season months
compared to the growing season (Figure 2). The majority of the annual precipitation falls during
the growing season (Figure 2).
While only available from two stations, the isotope data for precipitation in Nebraska have
been incorporated with other observations outside of Nebraska in the development of national
and continental-scale isoscape maps (Bowen & Revenaugh, 2003) in ArcGrid format (Bowen,
2018). Given the absence of a spatially detailed, long term precipitation isotope dataset for
Nebraska, we used the available gridded maps (Bowen, 2018) to determine monthly (Figure 2)
and mean annual isotopic values for precipitation in Nebraska for this study. The maps are based
on global precipitation data interpolated by an algorithm created by Bowen and Wilkinson
(2002), which uses the relationship of latitude and altitude to predict isotopic composition
(Bowen & Revenaugh, 2003; Bowen, Wassenaar, & Hobson, 2005; Bowen & Wilkinson, 2002,
Welker, 2000). Below, all references to the gridded dataset are referenced as Bowen (2018).
2.2 Modeling Precipitation Sources
The origin and trajectory of air masses that have resulted in precipitation were evaluated
using the HYSPLIT Model (Hybrid-Single Particle Langragian Integrated Trajectory - available
at: http://ready.arl.noaa.gov/HYSPLIT_traj.php) (Stein et al., 2015). This model uses a threedimensional Lagrangian air mass vertical velocity algorithm to determine the position of the air
masses and reports these values at an hourly time resolution over the trajectory (Soderberg et al.,
2013; Sánchez-Murillo et al., 2017). Air masses back trajectories were estimated for periods of
240 hours, which are in agreement with the estimated residence time of water in the atmosphere
(Gimeno, Drumond, Nieto, Trigo, & Stohl, 2010; van der Ent & Tuinenburg, 2017). Trajectories
were simulated using NOAA meteorological data (GDAS, global data assimilation system: 2006present)(Su, Yuan, Fung, & Lau, 2015). The starting time 12:00 p.m. of the sampling day in
North Plate. Ending elevations of the trajectories were set to 1,500 m above the surface,
considered to be the height of the cloud base, typically between 700-850 hPa. Maps of trajectory
frequencies were generated using the ArcGIS software, calculating the sum of the number of
times the trajectories pass through one grid cell, of 3°x 3° size.
2.3 Groundwater Data Collection and Analysis
In the summer of 2011, 789 groundwater samples were collected by licensed groundwater
technicians at Natural Resource Districts (NRDs) across Nebraska. Well purging was done
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according to standard procedures suitable for annual groundwater quality sampling (primarily
nitrate) adopted by each NRD. Groundwater samples were collected in 30 mL bottles with
screw-tight lids, filled to the neck and capped immediately after sampling. Electrical tape was
wrapped around the lid before shipping to the University of Nebraska-Lincoln.
Samples collected by NRDs were analyzed for δ2H and δ18O of water by cavity ring down
laser spectroscopy method, using a Picarro analyzer at the University of Nebraska-Lincoln. The
equation for d-excess is d-excess= δ2H-8* δ18O (Dansgaard, 1964), and can be used to
understand the source of moisture and evaporative processes. Two groundwater samples with a
d-excess lower than -5‰ were removed from the dataset based on the assumption that there was
an error in sampling, transport, or analysis.
All 789 samples collected had an NRD identifier. For 679 samples the exact well coordinates
were also known. Of these 679 samples, 593 also had documented well depths. For two NRDs
where samples were collected, but the well locations were not documented, a single
representative data point based on the average isotopic composition was plotted. In the Lower
Loup NRD, the data point was plotted at the centroid. For the Central Platte NRD, the data point
was placed at the approximate east-west center of the NRD because the centroid was located
outside the NRD boundary. One value used to represent groundwater isotopic composition for
Twin Platte NRD was taken from and plotted in the approximate location described in Harvey
and Welker (2000).
Groundwater nitrate data from the Quality-Assessed Agrichemical Contaminant Database
(University of Nebraska-Lincoln, 2014) was used for mapping groundwater nitrate
concentrations throughout the state. The database contains groundwater nitrate data from as early
as the 1970s, and numerous published maps since the 1990s have shown consistent regional
patterns of groundwater nitrate concentrations (e.g., Exner et al., 2014; NDEQ, 2017). For this
study, nitrate data from years 2010-2014 were used to give a recent and comprehensive
representation of groundwater nitrate in Nebraska. Groundwater nitrate samples recorded in the
database were primarily collected by groundwater technicians using standard operating
procedures adopted by their respective NRD. Quality assessment for the agrichemical database is
described in Exner et al. (2005).
2.4 Seasonality calculation
In ArcGIS, raster files with the average monthly isotopic composition of precipitation were
used to calculate a weighted average isotopic composition for the growing season, nongrowing
season, and annual average. These values were then extracted from each of the groundwater
sampling locations. The seasonality ratio was calculated after Jasechko et al. (2014, 2017) as
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(𝑅𝑅�𝑃𝑃)𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝛿𝛿𝐺𝐺𝐺𝐺 − 𝛿𝛿𝑃𝑃(𝑔𝑔𝑔𝑔𝑔𝑔𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖)
𝛿𝛿𝐺𝐺𝐺𝐺 − 𝛿𝛿𝑃𝑃(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)
=
/
𝛿𝛿𝑃𝑃(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) − 𝛿𝛿𝑃𝑃(𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) 𝛿𝛿𝑃𝑃(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) − 𝛿𝛿𝑃𝑃(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)
�𝑅𝑅�𝑃𝑃�
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

where R and P represent groundwater recharge and precipitation fluxes, respectively. Subscripts
growing and nongrowing indicate the growing season and nongrowing seasons, respectively.
𝛿𝛿 GW represents the isotopic composition of groundwater and 𝛿𝛿 P represents the isotopic
composition of rainfall.
Previous studies have calculated a seasonality ratio based on a winter/summer ratio where
winter is defined as all months where the average temperatures is below 0 °C (Jasechko et al.
2017). For this study, the seasonality ratios were calculated based on growing season (May 1
through September 30) and nongrowing season given the relevance of these two periods to the
timing of crop production and irrigation, although the use of winter/summer time periods had
similar results. A seasonality ratio greater than one indicates a nongrowing season bias for
groundwater recharge. Locations with a negative recharge ratio were excluded from this study.

3. Results
3.1 Precipitation Source and Isotopic Variation
Based on Hysplit analyses, growing-season precipitation is most likely to originate from the
Gulf of Mexico (Figure 3). This corresponds to precipitation that is more enriched in the heavier
isotopes (δ2H, δ18O). During the nongrowing season, precipitation is more likely to originate
from the West over the Rocky Mountains. This precipitation is depleted due to the orographic
effects of the Rocky Mountains as well as the Northern Pacific Ocean being a less enriched
source of moisture than the Gulf of Mexico (Harvey and Welker, 2000). When calculated from
available gridded data (Bowen, 2018), the seasonal cycle of δ18O and δ2H values yields more
positive values in the summer and more negative values in the winter (Figure 2), which is typical
of continental areas (Rozanski, Araguás-Araguás, & Gonfiantini, 1993). The seasonal cycle is
also very consistent with the “U-shaped” patterns described by Harvey (2001) and Harvey and
Welker (2000). The isotopic composition of the precipitation becomes more enriched throughout
the year, peaks in July before becoming more depleted again.
The median isotopic signature for the modeled nongrowing season precipitation was more
negative (-12.05‰) than for the mean groundwater value (-8.32‰), annual precipitation (9.80‰) and growing season precipitation (-6.28‰) (Figure 4). Based on a Kruskal-Wallis test
(used since the data were not normally distributed) the medians for the isotope signatures for
growing season and nongrowing season precipitation were significantly different (p-value <<
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0.01). Though the assumption of normality was not met, an ANOVA and Tukey’s Comparison
test were run. Each of the aforementioned means were significantly different from each other.
3.3 Spatial Isotopic Patterns of Precipitation and Groundwater
Mapping the isotopic composition of groundwater suggests a pattern of more depletion in the
northwest compared to the southeast part of Nebraska (Figure 5B). This overall pattern of
depletion is consistent with the statewide pattern for mean annual isotopic composition for
precipitation (Figure 5A), but with a greater range in values and with greater spatial variation
(Figure 5). δ18O for groundwater ranged from -17.9‰ to -6.0‰ (mean = -9.85±2.1‰).
Groundwater δ2H values followed patterns similar to δ18O and ranged from -134.7 to -30.8‰
(mean = -70.0±19‰). Isotopic precipitation values from Bowen (2018) had a narrower range
compared to groundwater (Figure 5) and weighted average composition of precipitation during
the growing season was δ2H = -62.85‰ and δ18O = -8.63‰. In the North Platte River Valley and
south-central portions of the state, d-excess is especially low in the vicinity of groundwater
mounds.
3.4 Spatial Seasonality Patterns
Based on groundwater seasonality ratios greater than one, there appears to be a modest
winter recharge bias throughout much of the state (Figure 6A). This is similar to other temperate
climates throughout the world where there is a high amount of evapotranspiration during the
growing season and therefore less water available for recharge (Jasechko et al. 2014). The
northwest part of the state shows the strongest nongrowing seasonality ratio, while wells in the
southeast and southwest part of the state tended to exhibit a bias toward growing season
recharge. Some areas with a growing season seasonality ratio coincided with a high-density of
irrigation wells (Figure 6B), while areas with groundwater mounds from flood irrigation
coincided with a nongrowing seasonality ratio. (Figure 6C). With regard to groundwater quality,
a comparison of seasonality ratios with groundwater nitrate concentrations in nearby wells did
not reveal a strong spatial correlation (Figure 6D).
3.5 Data Quality
In this study, samples were collected from a range of well types and depths, which reduces
the possibility of widespread systematic bias that might occur if, for example, wells of only one
type or depth were sampled across the state. To assess for a systematic bias we used well depth
as the primary variable, given that depth is a strong control on groundwater and vadose zone
water lag times. For the 593 samples where well depth information was available, well depth
(ground elevation minus the elevation at the bottom of the screen) ranged from 2.7 to 210 m with
most well depths ranging from 15 to 75 m (Figure 7). Due to the nonnormal distribution of the
data, a Kruskal-Wallis test was applied to determine if there was a difference between the
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median δ18O at the various depths (well depths were divided into 15 m increments up to 90 m,
with 30 m increments for depths greater than 90 m). There was not a significant difference
between the groups (p-value = 0.083), thus the average isotopic values for co-located wells (e.g.,
well nests) were used for the interpolation of the groundwater isotopes (Figure 7). It was
assumed that few samples collected would fall in the category of fossil water, which could have
a different isotopic signature than modern water.

4. Discussion
4.1 Anthropogenic Influences on Isotopic Composition and Seasonality
Given that precipitation is greatest during the growing season and assuming that precipitation
is the primary source of recharge, it is intuitive that groundwater signatures across much of
Nebraska should be similar to the precipitation during the growing season. However, ET is also
greatest in the summer (Figure 2), which could lead to less precipitation available for recharge
compared to the nongrowing season. This appears to be the case for much of Nebraska.
However, there are areas in the southwest and the southeast Nebraska where irrigation during the
summer is likely causing more recharge during the growing season (Figure 6A), given the
correlation between high-density irrigation and seasonality ratio less than one. In western
Nebraska irrigation allotments for several NRDs exceed the total summer precipitation
(NRDnet.org, 2017). While central Nebraska receives more precipitation during the summer, the
irrigation allotments still exceed the precipitation. In these cases, summer precipitation that
might otherwise be removed by ET may instead recharge the groundwater. That is, because
irrigation provides antecedent soil moisture that leads to greater recharge during precipitation
events.
Near the groundwater mound in south-central Nebraska there is high-density irrigation, but
unlike other intensively irrigated areas to the east and southwest, the south-central mound area
has an apparent nongrowing season recharge bias. Irrigation water in South-Central Nebraska is
diverted from the Platte River, which is partially sourced from snowmelt in the Rocky Mountains
and has a more depleted isotopic signature (Kendall & Coplen, 2001). Long-term canal leakage
and irrigation in this area has led to the long-term persistence of a large groundwater mound
(Korus et al. 2013). Thus, the seasonality index in this area may be strongly influenced by the
Platte River isotopic signal and has the appearance of a nongrowing season recharge signal even
if recharge predominantly occurs in the summer. This interpretation is also supported by the dexcess map (Figure 5C) where the evaporated signal of Platte River water is evident. The
impacts of canal leakage and surface water irrigation can also be seen in western Nebraska,
where the d-excess indicates that recharge is occurring from the irrigation water sourced from the
North Platte River, which has a lower d-excess than precipitation (Kendall and Coplen, 2001).
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The furthest southeast part of the state also shows a growing season recharge signal. This is
the warmest and wettest part of the state and summer precipitation may be more available for
recharge. However, aquifers in this area are discontinuous and the spatial extent of the limited
irrigation coincides with most of the wells sampled in this study (Figure 1B). Thus it is possible
that irrigation is inducing a summer seasonality ratio, but the complexity of the local aquifers
limit the appropriateness of extrapolating results outside the densely sampled areas.
Although not apparent for most samples in this study (Figure 4), the isotopic composition of
groundwater may reflect additional evaporative losses if it is recycled repeatedly (i.e.,
groundwater is pumped for irrigation, then serves as recharge, and is pumped again, and so on).
In terms of the seasonality index, a more evaporative isotopic signature will suggest a stronger
growing season signal for recharge. The most likely location for this bias is in southeastern
Nebraska, along the Platte River valley, where groundwater is particularly shallow and lag times
between irrigation application and recirculation are relatively short. In southwest Nebraska,
recharge rates are lower and vadose zone thickness is greater (often >30 m), leading to greater
lag times between the time of recharge and lower potential for recirculating (pumping and reapplying) groundwater.
4.2 Groundwater Quality Implications
In areas with intense irrigation and crop production, the timing of fertilizer and irrigation (or
precipitation) are closely linked with nutrient leaching (Derby et al., 2009; Exner et al., 2014).
Understanding both natural and human-influenced recharge processes is important for
identifying where and when groundwater quality is more likely to improve through optimal
regulation and best management practices. Improvements are most likely when both water and
agro-chemical (fertilizers, pesticides, etc.; we will focus on nitrate from fertilizers as an example)
application are managed together (Di & Cameron, 2002; Kranz et al., 2009).
Differences in irrigation allotments, combined with precipitation patterns, type of crop,
timing and amount of fertilizer application, local soils, and geology all influence the extent of
nutrient leaching. In Nebraska, irrigation allotments are determined locally by NRDs and vary
throughout the state. Some areas in the western districts allow for 178 cm of irrigation spread
over 5 years. In the eastern part of the state, which receives more precipitation, irrigation is
limited to 53 cm in 3 years (NRDnet.org, 2017). Other districts in the central and eastern parts of
the state do not currently limit irrigation (Middle Niobrara, Upper Loup, Twin Platte, Central
Platte, Lower Loup, Lower Niobrara, Lewis and Clark, Upper Elkhorn, Papio-Missouri, Nemaha,
Lower Big Blue, Upper Big Blue) (NRDnet.org, 2017). However, irrigation allotments are only
one potential driver for water use and therefore potential for leaching. Past studies have also
found that the highest precipitation throughout the state occurs in May and June before the water
demand from corn has peaked (Kranz et al., 2009). Along with irrigation allotments, NRDs have
a wide range of requirements for fertilizer application, in some cases requiring applicator training
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(e.g., https://water.unl.edu/waternmgt), and/or limiting the timing of application and/or the
amount of fertilizer that can be applied at one time (NRDnet.org, 2017).
Despite the complexities described above, a qualitative evaluation of recharge seasonality
and groundwater quality (Figure 6) is valuable for supporting and understanding the effects of
(1) existing regulations (Exner, Perea-Estrada, & Spalding, 2010; Sixt, Klerkx, Aiken, & Griffin,
2019) and (2) potential new regulations for areas with severely degraded groundwater quality
(Little Blue NRD, 2012; NDEQ, 2016). We emphasize that the results of this study may serve as
a useful regional perspective; regulatory decisions must be made using a range of information,
including local knowledge of watershed and hydrogeologic characteristics and agronomic
legacies (past practices, regulations, and economic drivers). As an example of a regional
observation, areas where recharge appears biased toward the growing season (i.e., southeast,
south-central, and part of southwest Nebraska), it is intuitive to consider growing season
fertilizer and water management as a top priority. In areas with a nongrowing season recharge
signal and high groundwater nitrate concentrations (e.g., northeast Nebraska) it is possible that
ending the growing season with little or no nitrogen in the soil and limiting fall fertilizer
application would give the greatest initial improvements in groundwater quality, especially in
sandy soils with high hydraulic conductivity and poor water and nutrient retention. But it is
imperative to use a systems approach to management and regulation; our results are one line of
evidence, highlighting how surface and ground water should be viewed as one hydrological
system. The management practices and watershed characteristics (i.e. soil type, land use,
agronomic practices) will not only impact the groundwater quality but also surface water
quality(Gilmore et al., 2016; Mittelstet, Gilmore, Messer, Rudnick, & Heatherly, 2019).
Of course, groundwater flow patterns, biogeochemistry, and actual nitrate recharge fluxes (if
available) must also be considered in local groundwater management plans. Additional work is
needed to test relationships between the observed seasonality patterns and best management
practices that have the greatest potential for reducing groundwater nitrate concentrations.
Comparison of observed seasonality from isotopes with local and regional models and/or field
observations that provide seasonal recharge rates and seasonal nutrient fluxes would be
especially valuable. Seasonality of modern recharge may also inform climate models, which
predict an increase in both rainfall and recharge rates across Nebraska (Crosbie et al., 2013) but
may not fully capture future groundwater recharge trends due to a lack of information on
seasonality and on human intervention in the water cycle.
4.3 Limitations and Wider Implications
As with any regional study of groundwater isotopes or quality, this study relies on the
substantial simplification of mapping groundwater data in one dimension when the sampled
wells are drawn from a three-dimensional space. There are inherent challenges associated with
lag times between precipitation events and groundwater sampling, driven by watershed
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characteristics (e.g., soils), recharge rates, hydrogeology, and well construction. These
challenges include the potential persistence of major hydrologic events (Boutt, Mabee, & Yu,
2019), which could have a pronounced effect on shallow groundwater wells, or wells with short
screened intervals. On the other hand, shallow and/or wells with short screened intervals can
provide discrete information (e.g., they are ideal for analyzing stratification of groundwater
quality and age (e.g., Böhlke 2002)). Irrigation wells or other wells with long screened intervals
may yield water with a wide range of groundwater and vadose zone transit times and therefore a
mixture of many different recharge years (Böhlke, 2002). Despite the tendency toward
groundwater mixing, long-screened wells have been effective for long-term monitoring of
groundwater quality (Zlotnik, Burbach, Exner, & Spalding, 1995).
This study focused on precipitation as the primary source of recharge, but there are other
sources of recharge including deep drainage from irrigation water, which may be sourced from
local groundwater, surface water, or a mixture of precipitation and irrigation sources. The
confounding effect of diverted river water on recharge seasonality is an important feature of this
study. The visual impact on the map of seasonality index (Figure 6) is substantial, particularly in
south-central Nebraska. It is important in future studies to consider localized differences in water
management to avoid misconceptions regarding recharge seasonality and/or groundwater
vulnerability.
The potential impact on groundwater quality in areas with substantial irrigation return flows
is a balance between the direct leakage of low-nitrate canal water versus leaching of nitrate
below crop fields that were historically watered with less efficient irrigation methods. Direct
canal leakage has been shown to dilute groundwater nitrate concentrations in in the vicinity of
irrigation canals in western Nebraska, while excessive deep drainage may cause higher
groundwater nitrate concentrations in diffuse recharge (Bohlke et al. 2007). These conflicting
impacts are currently being studied in the vicinity of the groundwater mound in south-central
Nebraska. These scenarios are not unique to Nebraska, however, and relevant to other irrigated
areas (Han et al. 2017).
Understanding seasonality in terms of climate and anthropogenic changes is important for
Nebraska and similar scenarios worldwide to better manage water quality and water quantity.
The results of this and future studies should be considered in tandem with predicted changes in
climate. For example, Nebraska is predicted to become warmer and wetter over the next 100
years (Bathke, Oglesby, Rowe, & Wilhite, 2014). This could lead to a lengthening of the
growing season, which could in turn shorten the amount of precipitation that is recharged during
the (shorter) nongrowing season. Changes in storm intensity may also alter when recharge occurs
(Bathke et al., 2014).

5. Conclusions
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Understanding the timing of groundwater recharge is important for both groundwater
quantity and quality management. Climate change impacts on precipitation may alter the amount
or timing of groundwater recharge, but it is not the only factor to consider. Human alterations to
the water cycle may influence the seasonality of groundwater recharge. In particular, irrigated
agriculture continues to increase worldwide (The World Bank, 2003). Changes in the amount
and type of irrigation used on cropland in heavily cultivated regions around the world have and
will impact recharge seasonality.
In this study, the majority of Nebraska shows a modest bias toward nongrowing season
seasonality ratio. This is consistent with studies that have found that evapotranspiration during
the growing season is greater than precipitation, leading to a small percentage of groundwater
recharge during this time (Jasechko et al., 2014). Areas around the Platte River with a large
number of irrigation canals show isotopic composition similar to that of the river, while areas
with a high percentage of pivot irrigation show more of a growing season recharge signal. The
growing season recharge signal in these areas indicates that an excess of irrigation water has
been applied or that the isotopic composition has been altered from continuous irrigation. In
either case, groundwater and precipitation isotope data reveal how human intervention in the
water cycle has altered the seasonality of groundwater recharge in Nebraska. Other areas in
Nebraska with intensive irrigation retain a nongrowing season recharge signature but also exhibit
high groundwater nitrate concentrations.
Further modeling and field studies quantifying the amount of recharge occurring during each
season would be useful for future water planning needs in the face of an altered climate and for
evaluating agricultural best management practices most likely to contribute to improved
groundwater quality.
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Based on groundwater recharge ratios the majority of Nebraska shows a modest bias toward
nongrowing season recharge (ratio >1). Human activities such as irrigation can alter recharge
seasonality (A and B). Areas with high nitrate but different recharge seasonality may respond
differently to groundwater quality management strategies (B and C).
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